In order to monitor acoustic emission (AE) in a noisy environment, an AE monitoring system with a real-time noise reduction function using spectral subtraction (SS) was developed. First, the improvement in the S/N ratio and distortion of the waveform after the process were compare to those in ¾-filter and wavelet shrinkage methods. The improvement in the S/N ratio of the waveform processed by SS constantly increased and was observed to be independent of the S/N ratio of the wave before processing. The distortion of the waveform processed by SS was less than the distortions of the waves processed using ¾-filter and by wavelet shrinkage. Next, the effect of two parameters in the SS process ® frame number ( fn) and over-subtraction factor (¡) ® on the noise reduction performance was studied. The S/N ratio of the signals processed by the SS technique improved with decreasing fn and with increasing ¡. However, the processed waveform was distorted when ¡ was large. It is necessary to set the value of fn to 16 or less and ¡ to 5 or less so that SS showed an advantage to reduce noise with low waveform distortion.
Introduction
An acoustic emission (AE) technique has been utilized for a condition monitoring of structures 1, 2) and machines. 3) However, it is a difficulty to monitor AE signals in a noisy environment where vibration or electromagnetic noise exist as environmental noise. A frequency filter is generally used to reduce background noise, however, a frequency filter is unable to considerably reduce wide frequency band noise or noise due to variation in frequency with time. Noise is not just a problem associated with AE monitoring but a common problem in the field of sound engineering, medical electronics and geophysics explorations that involve signal detection. 4) In order to overcome this problem, various signal processing methods were proposed. Domoho proposed a denoising technique involving a discrete wavelet transform. 5) Arakawa et al. proposed a nonlinear filter called ¾-filter. 6) Lim and Oppenheim proposed a Wiener filter that utilized a mean square error. 7) Boll proposed spectral subtraction (SS), a technique for reducing noise on the basis of the frequency spectrum. 8) SS is a computationally efficient technique and is widely used for noise reduction of speech signals. 9, 10) It has also been used for noise reduction of AE signals. 11) We also applied SS for AE signals and embedded it in a real-time noise reduction system by using SS. 12) However, noise reduction performance has not been compared to other techniques. Moreover, the previous system has a dead time of 30 ms.
In this study, we developed an AE monitoring system with a real-time noise reduction function using the SS technique with no dead-time. First, we compared the noise reduction performance between SS and other techniques for the inherent background noise in the monitoring system and the sensor. Then, we monitored the cylindrical wave AE signals produced by the HsuNielsen source (pencil lead breaking) in a noisy environment with a wide frequency band.
Spectral Subtraction
The AE signal x(t) is the combined waveform of the original signal s(t) and noise signal n(t), detected by the AE monitoring system. The AE signal x(t) and its frequency spectrum X( f ) are expressed by xðtÞ ¼ sðtÞ þ nðtÞ ð 1Þ
XðfÞ ¼ SðfÞ þ NðfÞ ð 2Þ
where X( f ), S( f ), and N( f ) represent the frequency spectra of x(t), s(t) and n(t), respectively. The spectrum of the original signal can be estimated by subtracting the frequency spectrum of the noise signal, N( f ), from X( f ). Figure 1 shows a schematic diagram of the SS process used in this study.
(1) The detected signal x(t) was divided into fn equal parts. Here, fn takes an arbitrary number. In Fig. 1 , fn was 4. In this study, fn was 4, 8, 16, 32, and 64. The data length in one frame depends on the frame number. (2) A fast Fourier transform (FFT) was performed for all frames individually. (3) As N( f ) should be determined before the noise reduction process, the signal in the first frame was assumed to be the noise component. (4) The phases of each divided signal (ª 1 ( f ), ª 2 ( f ), +) was calculated. (5) The frequency spectrum of the original signal S( f) is given by
where ¡ is an over-subtraction factor. In this paper, the value of ¡ is varied from 1 to 8.
(6) After an inverse fast Fourier transform (IFFT) was performed for the obtained frequency spectra of the original signal, divided signals were combined in the same order of the detected signal.
Noise Reduction by Spectral Subtraction and
Comparison of Noise Reduction Performance 3.1 Noise reduction by spectral subtraction Figure 2 shows the experimental setup for estimation of noise reduction performance in AE monitoring. Two AE transducers (PAC, PICO center frequency: 450 kHz) were mounted on a type-304 stainless steel plate with 1 mm thickness. One transducer was used for the excitation of an artificial AE signal and another transducer was used as a sensor for detecting the signal. AE was excited by applying 1 cycle of sine voltage at a frequency of 450 kHz to the excitation transducer which was placed 120 mm away from the detection transducer. The input voltage V in for the excitation transducer was varied from 70 mV to 2.0 V in order to change the S/N ratio of the AE signal. The detected AE signal was amplified by 40 dB with a pre-amplifier and was fed to a digitizer. The sampling interval and data points were set to 40 ns and 4096 points, respectively. Figure 3 shows a comparison between waveforms before and after the noise reduction or SS process. The panels on the left of Fig. 3 show the waveforms before noise reduction, and panels on the right show waveforms in Fig. 3 show waveforms after noise reduction by SS with fn = 4 and ¡ = 2. In this case, AE propagates as a Lamb wave. The detected waveform for V in = 2.0 V (a) is an ideal Lamb wave composed of a strong A 0 mode followed by a weak S 0 mode. The waveform after SS (b) displays a reduced background noise, and the S/N ratio of the waveform increased by 10.4 dB. The waveforms (b) and (c) were processed into waveforms (e) and (f), respectively. The S/N ratios of waveforms (e) and (f) were thereby improved by 13.2 and 10.2 dB, respectively.
Improvement in S/N ratio and waveform distortion
by SS process The relationship between the S/N ratios of the signal before and after SS was studied and the characteristics of noise reduction by SS were compared to the characteristics of noise reduction using the ¾-filter (EF) 6) and wavelet shrinkage (WS).
5) The parameter of SS were fn = 8 and ¡ = 2. The parameters of EF were ¾ 0 = 10, ¾ 1 = 3.0 mV and ¾ 2 = 1.5 mV. In WS, Daubechies wavelet (N = 10) was adopted as the mother wavelet. Figure 4 shows a comparison between the waveforms before noise reduction (a) and the waveforms processed using spectral subtraction (b), ¾-filter (c), and wavelet shrinkage (d), respectively. We can observe that the background noise was reduced and the S/N ratio improved in all the processes. Figure 5 shows a change in the S/N ratio before and after processing by the aforementioned three techniques. The improvement in S/N ratio of the waves processed by both SS and EF is approximately constant. Thus, the improvement in S/N ratio by these processes is not dependent on the amplitude of the noise components. 
6. IFFT and combing However, the S/N ratio did not improve after WS for the waveform with an S/N ratio lower than 5.1 dB. In the WS method, the original signal was distinguished from noise by obtaining decomposed signals by a wavelet transform and removing the noise on the basis of a threshold. Therefore, when the amplitude of the amplitude of original signal is less than that of noise, the WS technique does not work. Figure 6 shows the correlation between the waveforms processed by the three types of noise reduction techniques and the waveform shown in Fig. 3(a) . Here, low correlation signifies that the process caused a distortion in the waveform. Although all processed signals tend to be distorted in the signal with lower S/N ratio, correlation coefficient for the wave processed by the SS technique was higher than the correlation coefficients for the waves processed by the other two processes. Distortion by EF may be caused by inappropriate parameters. In AE monitoring, it is difficult to choose the appropriate parameters because the amplitude and/or frequency characteristics of the noise component vary with time. 15) Noise reduction by the SS technique did not depend on the S/N ratio, hense, SS was considered to be a convenient technique for AE monitoring. Figure 7 shows waveforms processed by SS with fn of 4, 16 and 64, and ¡ of 2 for the waveform shown in Fig. 3(c) (V in = 70 mV). In order to evaluate the effect of the frame number on noise reduction, fn was changed from 4 to 64, while ¡ was kept at 2. The S/N ratio increased with decreasing frame number. For an fn of 64, 16, and 4, the S/N ratio was 10.9, 9.8, and 4.9 dB, respectively. Figure 8 shows the changes in the S/N ratio and correlation coefficient for the waveform processed by SS [shown in Fig. 3(a) ] as a function of fn. Improvement of S/N ratio decreased with increasing fn. This is because the difference of data length in one frame. As the frequency resolution of Fourier transform depends on the data length of the waveform, 13) the frequency spectrum of noise can be determined with high resolution by using a long data length or a small fn. The correlation coefficient is maintained at more than 0.92 for any frame number. There was no advantage of noise reduction performance in SS over EF and WS by using the value of fn to 32 or more because improved S/N ratio rapidly decreased. Thus, a smaller fn is suitable for AE monitoring. Some researchers have reported that an artifact signal called musical noise or pre-echo, appeared just before the AE signal when a small fn was used. 14, 15) This artifact signal obstructs the analysis of the AE waveform, especially AE source characterization 16) and/or source location. 17) This artifact signal tends to appear when the signal amplitude changes rapidly and it is prevented by using a short sampling interval. 4, 14, 15) 3.4 Effect of over-subtraction factor Figure 9 shows waveforms with V in = 70 mV [shown in Fig. 3(c) ] after they are processed with the SS technique using ¡ = 1, 4, and 8. In this case, fn was fixed at 8. The S/N ratio of the waveform was improved to 10.1, 19.5 and 24.7 dB as ¡ increased from 1 to 4 to 8. However, the maximum amplitude of the processed signals decreased. The SS technique does not reduce only the noise signal but also a part of the original signal when ¡ is too high. Figure 10 shows a change in the improvement of the S/N ratio of the waveform before and after processing by SS the correlation coefficient as functions of ¡. A trade-off was observed between the S/N ratio improvement and waveform distortion against the over-subtraction factor. Thus, ¡ is required to be determined by a high noise reduction performance or low waveform distortion of AE signals. However, correlation coefficient is suitable more than 0.9 to get an advantage to EF and WS in Fig. 6 . To be higher correlation coefficient more than 0.9, ¡ should be 5 or less. 
Effect of frame number

Developed AE Monitoring System with Noise Reduction Function and Its Application in AE Monitoring
4.1 AE monitoring system with noise reduction function by spectral subtraction Figure 11 shows the block diagram of the developed AE monitoring system with real-time noise reduction by SS. Signals detected by an AE sensor were temporarily stored in the first memory in the A/D board (first buffer). When first buffer was completely filled with the data, the stored data were transferred to the main memory in the PC, and signals were buffered in the second memory in the board simultaneously. As signals were alternately buffered in the two memories, the transferred signals were processed by SS simultaneously. When the maximum amplitude of the processed signal exceeded the predetermined threshold level, the processed data were saved in the hard disk. To process the entire transient data during AE monitoring without dead time, parallel computing was performed in this system. This developed system can acquire AE signals with a sampling frequency of up to 25 MHz (40 ns sampling intervals) with no dead-time. This sampling interval is sufficiently small to prevent the generation of the signal by SS process. Figure 12 shows the experimental setup for monitoring cylindrical wave AE signals using the developed system. An AE sensor was set on a steel pipe with 6000 mm in length, 114.3 mm in diameter, and 6 mm in thickness. An adhesive tape (JIS Z1901, vinyl chloride tape of 0.4 mm thickness) was wrapped over 3000 mm long on the pipe. An artificial noise was generated by a PZT transmitter placed on one edge of the pipe, and a white noise electronic signal with a peakto-peak voltage of 5 V was applied to the transmitter for noise generation. AE signals were excited by the HsuNielsen source (pencil lead breaking) at a distance (L) of 13 m from the AE sensor. The frame number fn was set to 4 and oversubtraction factor ¡ was set to 4. Figure 13 shows unprocessed waveforms [(a)(c)] and waveforms processed by the SS technique [(d)(f)]. The attenuation of amplitude of the AE wave increased with increasing L due to the absorption of the wave energy by the adhesive tape. In particular, the S/N ratio of the unprocessed wave (c) for propagated distance of 3.0 m was approximately 0 dB, and it could not be distinguished from noise. The AE signal could be identified in the waveform (f) after waveform (c) was processed and its S/N ratio was improved to 12.8 dB. The S/N ratio of other processed AE signals were also improved by approximately 10 dB. Thus, we found that the developed system is suitable for AE monitoring in a noisy environment.
Monitoring of cylindical wave AE in noisy environment
Conclusion
An AE monitoring system with real-time noise reduction by spectral subtraction (SS) process was developed and demonstrated for cylindrical wave AE monitoring. The results are summarized below:
(1) Three types of noise reduction techniques, wavelet shrinkage (WS), ¾-filter (EF) and SS were compared.
For an environment with a high background noise, the correlation coefficient in the case of SS was higher than that in other processes. (2) The improvement in the S/N ratio and waveform distortion by SS decreased with increasing frame number. In contrast, improvement in S/N ratio increased with increasing ¡, and a trade-off relation was observed between S/N ratio improvement and waveform distortion against the over-subtraction factor. SS had an advantage of noise reduction performance and 
